Accurate reconstruction of the mass of a resonance decaying to a pair of τ leptons is challenging because of the presence of multiple neutrinos from τ decays. The existing methods rely on either a partially reconstructed mass, which has a broad spectrum that reduces sensitivity, or the collinear approximation, which is applicable only to the relatively small fraction of events. We describe a new technique, which provides an accurate mass reconstruction of the original resonance and does not suffer from the limitations of the collinear approximation. The major improvement comes from replacing assumptions of the collinear approximation by a requirement that mutual orientations of the neutrinos and other decay products are consistent with the mass and decay kinematics of a τ lepton. This is achieved by minimizing a likelihood function defined in the kinematically allowed phase space region. In this paper we describe the technique and illustrate its performance using Z/γ * →τ τ and H→τ τ events simulated with the realistic detector resolution. The method is also tested on a clean sample of data Z/γ * →τ τ events collected by the CDF experiment at the Tevatron. We expect that this new technique will allow for a major improvement in searches for the Higgs boson at both the LHC and the Tevatron.
Introduction
Invariant mass reconstruction is commonly used in experimental searches for new physics, such as for the Higgs or Z ′ bosons, as well as in measurements of properties of known resonances. This technique is relatively straightforward for e + e − , µ + µ − , or di-jet final states. The accuracy of mass reconstruction in these channels is dominated by the detector resolution for lepton or jet momenta. The sensitivity of "mass bump-hunting" analyses depends critically on how narrow the signal invariant mass distribution is compared to the (usually broad) distributions in background processes. Unfortunately, this simple strategy is much less effective in searches for resonances decaying to a pair of τ leptons because the τ lepton energy associated with neutrinos escapes detection, and only visible products (leptons in the case of leptonic τ decays or jets in the case of hadronic τ decays) are observed in the detector. Each τ lepton decay involves one or two neutrinos, depending on the final state: hadronic (τ →ν τ + hadrons) or leptonic (τ →ν τ + lν l , where l=e or µ). In pp or pp collisions, the full energy of neutrinos cannot be determined. Instead, one can only reconstruct a transverse energy imbalance in the calorimeter (or missing transverse energy, E / T ), which is representative of the total transverse momentum of all neutrinos in the event. Therefore, when two or more neutrinos are produced in the same event, their individual transverse momenta and directions cannot be reconstructed. The situation in decays of heavy resonances into two τ leptons is even more complex. In these events, the two τ 's are often produced "back-to-back" and the missing momentum associated with their neutrinos partially cancels out. As a result, the invariant mass of a resonance cannot be directly reconstructed from the E / T and visible decay products of τ leptons. Various techniques exist to partially reconstruct the mass of resonances in τ τ final states. However, the reconstructed mass distributions for signal processes are rather broad (with long tails and typical core resolutions on the order of ∼20%), which makes it difficult to separate them from the background and considerably reduces the signal significance. This poses a major challenge for the Higgs boson searches in the H→τ τ channel, one of the most important channels for discovering a low-mass Higgs boson at the LHC [1, 2] , whether in the context of the Standard Model or beyond (for example, in supersymmetric models). Another challenge in searching for a low-mass Higgs boson in the τ τ channel is the large and irreducible background from Z/γ * →τ τ events. This is because the Z/γ * background is several orders of magnitude larger than any expected Higgs signal, and its broad partially reconstructed mass distribution completely dominates the signal region (for example, see Fig. 1 or reference [3] ). Therefore, a major improvement in τ τ invariant mass, M τ τ , reconstruction techniques is needed in order to significantly enhance the sensitivity of H→τ τ searches at the Tevatron and LHC experiments.
In this paper, we propose a new method, which substantially improves the accuracy of the τ τ invariant mass reconstruction. We expect it will lead to a major improvement in the sensitivity of the Higgs boson searches in the H→τ τ channel at the Tevatron and LHC. In the next section, we briefly review currently used methods. Section 3 describes the new technique and illustrates its performance using a Monte Carlo simulation with the realistic detector resolution. In Sec. 4, we report the results of tests on a clean sample of data Z/γ * →τ τ events collected by the CDF experiment at the Tevatron. Finally, we conclude in Sec. 5. ) decay) of each τ decay, and θ vis 1,2 and φ vis 1,2 are the polar and azimuthal angles of the visible products of each τ decay. Then, the invariant mass of the τ τ -system can be calculated as M τ τ =m vis / √ x 1 x 2 , where m vis is the invariant mass of visible τ decay products, and x 1,2 =p vis 1,2 /(p vis 1,2 + p mis 1,2 ) are momentum fractions carried away by visible τ decay products. Despite offering the great advantage of a fully reconstructed τ τ mass (M τ τ ) instead of a partial visible mass, the collinear approximation still has significant shortcomings. The technique gives a reasonable mass resolution only for the small fraction of events where the τ τ system is boosted, i.e., produced in association with a large E T jet, and the visible τ decay products are not back-to-back in the plane transverse to the beam line. The last requirement is needed, because the system of Eqs. 2 becomes degenerate if φ vis 1 =φ vis 2 +π and solutions p mis 1,2 ∼sin −1 (φ vis 1 − φ vis 2 ) diverge as |φ vis 1 − φ vis 2 |→π. Unfortunately, the majority of H→τ τ events are produced with τ leptons in nearly the back-to-back topology. Therefore, this technique is applicable only to a relatively small fraction of τ τ events. The collinear approximation is also very sensitive to the E / T resolution and tends to over-estimate the τ τ mass, leading to long tails in the reconstructed mass distribution (see right plot in Fig. 1 ). This effect is especially undesirable for low-mass Higgs boson searches, where the tails of a much larger Z→τ τ background completely overwhelm the expected Higgs peak region.
The Missing Mass Calculator Technique
The new technique proposed in this paper, the Missing Mass Calculator (MMC) method, allows for a complete reconstruction of event kinematics in the τ τ final states with significantly improved invariant mass and neutrino momentum resolutions. The MMC technique does not suffer from the limitations of the collinear approximation described in the previous section and can be applied to all τ τ event topologies without sacrificing the reconstructed mass resolution.
The Concept and Method Description
To facilitate the description of the method, we begin with assuming a perfect detector resolution and that there are no other neutrinos in τ τ events except for those from the τ lepton decays. Under these assumptions, full reconstruction of the event topology requires solving for 6 to 8 unknowns: x-, y-, and z-components of the invisible momentum carried away by neutrino(s) for each of the two τ leptons in the event, and, if one or both τ 'sdecay leptonically, the invariant mass of the neutrinos from each leptonic τ decay. However, there are only 4 equations connecting these unknowns: 
where E / T x and E / T y are the x-and y-components of the E / T vector, p vis 1,2 , m vis 1,2 , θ vis 1,2 , φ vis 1,2 are the momenta, invariant masses, polar and azimuthal angles of the visible τ decay products, and M τ =1.777 GeV/c 2 is the τ lepton invariant mass. The rest of the variables constitute the "unknowns" which are the combined invisible ("missing") momenta p mis 1,2 carried away by the neutrino (or neutrinos) for each of the two decaying τ leptons and the invariant mass of the neutrino(s) in the τ decay, m mis 1,2 . Finally, δθ vm 1,2 is the angle between the vectors p mis and p vis for each of the two τ leptons, and it can be expressed in terms of the other variables. For hadronic decays of τ 's, the m mis is set to 0 as there is only one neutrino involved in the decay. This reduces the number of unknowns.
The number of unknowns (from 6 to 8, depending on the number of leptonic τ decays) exceeds the number of constraints. Therefore, the available information is not sufficient to find the exact solution. However, not all solutions of this under-constrained system are equally likely, and additional knowledge of τ decay kinematics can be used to distinguish more likely solutions from less likely ones. An example of such additional information is the expected angular distance between the neutrino(s) and the visible decays products of the τ lepton. Figure 2 shows the distribution for the distance ∆R= (η vis − η mis ) 2 + (φ vis − φ mis ) 2 between the directions of visible and invisible (missing) decay products 1 for the three distinct τ decay types: leptonic, 1-prong hadronic and 3-prong hadronic. We incorporate this additional knowledge of decay kinematics as probability density functions in a properly defined global event likelihood to provide additional constraints and obtain a better estimator of M τ τ . Figure 2 : Example of the probability distribution functions P(∆R, p τ ) for a particular value of the original τ lepton momentum (p τ ). These functions are used in the calculation of the likelihood L for three cases: 1-prong τ (left plot), 3-prong τ (middle plot), and leptonic decays (right plot) of τ leptons. These distributions depend only on the decay type and initial momentum of the τ lepton.
We first describe the method for the better constrained case, where both τ 's decay hadronically, and then we explain how the machinery is adjusted for the case of leptonic decays. When both τ 's decay hadronically, the system of Eqs. 3 can be solved exactly for any point in, for example, the (φ mis 1 , φ mis 2 ) parameter space. For each point in that grid, the vectors p mis 1,2 are fully defined and, therefore, one can calculate the distance ∆R 1,2 between the vector p vis 1,2 and the current assumed direction of p mis 1,2 . To evaluate the probability of such decay topology, we use ∆R distributions similar to those shown in Fig. 2 , but we take into account the dependence of the distribution on the momentum of the initial τ lepton. If the τ lepton polarization is neglected, the ∆R distribution depends only on the τ momentum and decay type, but not on the source of τ 's. Therefore, we use simulated Z/γ * →τ τ events to obtain ∆R distributions for small bins (5 GeV/c) in the initial τ momentum, p, in the range 10 GeV/c<p<100 GeV/c (the range can be extended to both smaller and larger values). Events are simulated using Pythia [5] supplemented with the TAUOLA package [6] for τ decays. To simplify the calculations further, we parametrize the ∆R distributions by fitting them with a linear combination of Gaussian and Landau functions. Examples of such fits are shown as solid lines in Fig. 2 . The p τ -dependence of the mean, width and relative normalization of the Gaussian and Landau is then parametrized as p 0 /(x + p 1 x 2 ) + p 2 + p 3 x + p 4 x 2 , yielding fully parametrized distributions P(∆R, p), which can be used to evaluate the probability of a particular τ decay topology. To incorporate this information as an additional constraint, we define the logarithm of the event probability (or likelihood) as follows:
where functions P are chosen according to one of the decay types. To determine the best estimate for the τ τ invariant mass in a given event, we produce an M τ τ distribution for all scanned points in the (φ mis 1 , φ mis 2 ) grid weighed by a corresponding probability,
The most probable value of the M τ τ distribution is used as the final estimator of M τ τ for a given event. An example of a such M τ τ histogram for typical H→τ τ events of each category is shown in Fig. 3 . A similar procedure can also be used to build estimators for other kinematic variables, if desired. For events where one or both τ leptons decay leptonically, the above procedure is adjusted to account for the unknown value of m mis of the two neutrinos in each of the leptonically decaying τ 's in the event. In this case, the scan is performed in a phase space of higher dimensionality: (φ mis 1 ,φ mis 2 ,m mis 1 ), if only one of the two τ 's decay leptonically; or (φ mis 1 ,φ mis 2 ,m mis 1 ,m mis 2 ), if both decay τ 's decay to leptons. As in the fully hadronic mode, one can unambiguously reconstruct the 4-momenta of both τ leptons for each point on the grid and calculate the event probability according to Eq. 4. For simplicity, we scan uniformly in the entire range of kinematically allowed values of m mis , but a scan performed according to the m mis probability distribution function obtained from simulation may improve the algorithm performance. 8
Performance of the MMC Technique with Ideal Detector Resolution
To evaluate the performance of the MMC algorithm, we use inclusive Z/γ * →τ τ and gg→H→τ τ (with M H =115, 120, and 130 GeV /c 2 ) events produced by the Pythia MC generator supplemented with the TAUOLA package. All events are generated for pp collisions at √ s =1.96 TeV. However, the algorithm performance for events produced in pp collisions at the LHC is expected to be very similar to that for τ τ events at the Tevatron. Unless it is otherwise noted, we select events where both visible τ s have p T >10 GeV/c and E / T >10 GeV (E / T is calculated as a combined transverse momentum of all neutrinos from both τ decays). The events are categorized according to the decay mode of each of the two τ leptons (leptonic, 1-prong or 3-prong hadronic), and the τ τ mass is reconstructed using the appropriate version of the algorithm. Results for H→τ τ events with M H =115 GeV/c 2 are shown in Fig. 4 for each of the three decay categories. In all cases, the peak position of the reconstructed M τ τ distribution is within ∼2% of the true mass, indicating that the assumptions used in the algorithm do not bias the reconstructed mass. The resolution of the reconstructed M τ τ , defined as the RMS of the mass distribution in the (
range, changes from ∼8% for events with both τ 's decaying hadronically to ∼13% when both τ 's decay leptonically. The worse resolution in the leptonic modes is due to the weaker constraints on the system. The fraction of events where Eqs. 3 cannot be solved for any of the grid points ranges from ∼1% to 3%, which demonstrates the high reconstruction efficiency of the MMC algorithm. Figure 4 shows comparison of the reconstructed τ τ mass in Z/γ * and Higgs boson events with M H =115 and 130 GeV/c 2 when both τ 's decay hadronically.
Effects of Detector Resolution
To evaluate the importance of detector effects on MMC performance, we use the same inclusive Z/γ * →τ τ and gg→H→τ τ events and smear the E / T and momenta of the visible τ decay products according to typical detector resolutions 2 at the LHC and Tevatron experiments [1, 2, 13, 7] . We assume 3% and 10% resolutions for momenta of light leptons and hadronic τ -jets, respectively. The E / T resolution for each of the two (x-and y-) components is taken to be σ x =σ y =σ=5 GeV [8] . Note that in a real experimental environment, the mismeasurements in lepton or hadronic τ -jet momenta also 2 For simplicity, we assume Gaussian detector resolutions in this study. lead to an additional mismeasurement in E / T . This effect is properly accounted for in our studies. Angular resolutions for visible τ decay products of typical detectors are usually accurate enough to have no noticeable effect on our calculations.
We find that mismeasurements of the momentum of τ lepton decay products alone have little effect on the performance of the algorithm. The M τ τ peak position and resolution are nearly unaffected and the efficiency is decreased by ∼3-7% as a result of mismeasurements in the momenta of visible τ decay products, which are also propagated into the E / T . The stability of the peak position is related to a built-in self-correcting mechanism in the algorithm, which compensates slight under(over)-estimations in the measured momenta of visible decay products by over(under)-estimating the missing momentum, thus leading to the correctly reconstructed momentum of the original τ lepton.
One could expect the effects of finite E / T resolution to degrade the algorithm performance. We find that, if not taken into account, a 5 GeV resolution in E / T results in a 30-40% drop in reconstruction efficiency, long tails in the reconstructed M τ τ , and a significant degradation in the M τ τ resolution (e.g., from ∼8% to ∼18% in fully hadronic τ τ decay mode). In particular, a large reduction in the reconstruction efficiency occurs because mismeasurements in E / T break the key assumption that the neutrinos from the τ decays are the sole source of E / T in the event (see Sec. 3.1 and Eqs. 3). 10 To mitigate these effects, the implementation of the MMC technique in a realistic experimental environment has to be adjusted to allow for possible mismeasurements in E / T . It is achieved by increasing the dimensionality of the parameter space in which the scanning is performed to include the two components of the E / T resolution (for E / T x and E / T y ). In this case, the event likelihood, L, has to be augmented with the corresponding resolution functions:
where the probability functions P(∆E / T x ) and P(∆E / T y ) are defined as:
where σ is the resolution (which we take to be 5 GeV) and ∆E / T x,y are variations of x-or y-components of E / T . In a real experimental setup, the E / T uncertainty can be larger in a particular direction, for example, if there is an energetic jet. In such cases, the uncertainty in the jet energy measurement will increase the uncertainty in E / T in the direction of the jet. These effects can be accounted for by suitably defining the x-and ydirections on an event-by-event basis and by choosing the appropriate σ x and σ y , which will not be equal to each other in general. 11
We evaluate the performance of the modified algorithm (with the E / T resolution scan) using Z→τ τ and H→τ τ events smeared with the realistic detector resolutions as described above. Figure 5 shows the distribution of the reconstructed M τ τ in the fully hadronic decay mode for three samples: inclusive Z/γ * →τ τ and gg→H→τ τ with M H =115 and 130 GeV/c 2 . Right plot in the same Fig. 5 demonstrates a comparison of the reconstructed mass in H→τ τ events with M H =115 GeV/c 2 in the case when both τ 's decay hadronically (solid line) and in the case when one τ decays leptonically and the other one hadronically (dashed line). We find that the modified MMC algorithm recovers almost all lost efficiency (to the level of 97-99%) and significantly improves the relative M τ τ resolution (to the level of ∼14%). The reconstructed mass peak position for each of the resonances is consistent with the corresponding true mass. We also observe that the mass resolution somewhat improves (at the level of 1-2%) for events with higher E / T and/or higher p T of visible decay products. Figure 6 shows the reconstructed M τ τ distributions in H→τ τ events with M h =115 GeV/c 2 obtained by using the MMC algorithm (black histogram) and the collinear approximation (red line). The events are simulated with the realistic detector resolution effects as described in the previous section. Two categories of τ τ events are considered: both τ leptons decay hadronically (left plot in Fig. 6 ), and one leptonic and one hadronic τ decay (right plot in Fig. 6 ). The difference in normalizations of the MMC and collinear approximation results reflects a higher efficiency (by a factor of ∼1.7) of the MMC method. This is because the substantial fraction of events have a moderate E / T or approximately back-to-back topology and are non-reconstructible by the collinear approximation technique. This happens when small mismeasurements in E / T lead to configurations for which Eqs. 2 have no solution. In contrast, the MMC method resolves this problem and has an average efficiency of 97-99%. In addition to a better resolution in the core of the M τ τ distribution, an important feature of the MMC technique is the absence of the long tail toward higher masses present in the distribution obtained using the collinear approximation. This tail is associated with the events of approximately back-to-back topology, where the collinear approximation diverges as cos ∆φ→1. (∆φ is the angle between two visible τ decay products in the plane transverse to the beam line.) The reason for this divergency is discussed in Sec. 2.2. The effect is illustrated in Fig. 7 , which shows a comparison of the ratio of the reconstructed and 12
Comparisons with Existing Methods
true mass as a function of cos ∆φ for the two methods. In contrast to the collinear approximation, the absence of long tails toward large masses in the MMC technique presents a significant improvement for low-mass Higgs boson searches in the H→τ τ channel by significantly reducing a large Z→τ τ background, which would otherwise completely overwhelm the Higgs search region. It is also important to point out that the algorithm efficiency and the shapes of likelihood L distributions are expected to be different for events with true τ leptons and those where jets are misidentified as hadronically decaying τ leptons. This may offer an additional handle on the backgrounds with the misidentified τ leptons, most notably W +jets and QCD multi-jet events, and it needs to be further investigated.
Performance With Data and Monte Carlo After Full Detector Simulation
To illustrate the power of the proposed method using real data, we select a sample of clean Z/γ * →τ τ events collected by the CDF experiment [9] in pp collisions at a center-of-mass energy √ s=1.96 TeV at the Tevatron. We obtain a high purity sample of τ τ events in the channel where one of the τ Results of the MMC method (left plot) are compared to those of the collinear approximation (right plot). Note that the new method performs significantly better for nearly back-to-back topology (cos ∆φ→1), which constitutes the bulk of all τ τ events.
leptons decays into a light lepton (e or µ) while the other decays into one of the hadronic modes. The requirement of a well isolated muon or electron significantly reduces QCD multi-jet backgrounds in this channel. We then compare the observed τ τ invariant mass spectrum of Z/γ * →τ τ events reconstructed using the MMC technique with results obtained using the collinear approximation. Data are also compared with predictions obtained from Monte Carlo (MC) simulation. Signal events and backgrounds coming from Z/γ * →ee/µµ and W + jets processes are generated by PYTHIA [5] Tune A with CTEQ5L parton distribution functions [10] . The detector response is simulated with the GEANT-3 package [11] . QCD multi-jet background is estimated from data by using events with lepton candidates of the same charge.
Data Selections
Full description of the CDF detector is available elsewhere [9] . Here we only briefly discuss the algorithms and selection specific to this study. Our choice of selection requirements is based on the two following considerations. First, backgrounds in the data sample of Z/γ * →τ τ candidate events should be very low to allow unambiguous demonstration of the power of the MMC technique. Second, event selection should not be sensitive to potential Higgs boson signal to avoid biases in the currently ongoing H→τ τ analysis. To achieve these goals, selection requirements are chosen to be extremely tight, thus effective for only a small fraction of Z/γ * →τ τ and H→τ τ events. In fact, the signal acceptance is reduced by a factor of ∼6 compared to that in the ongoing search for H→τ τ . We use data collected with the inclusive electron and muon triggers [12] . These select high-p T electron and muon candidates with |η|≤1. In the offline event selection, we require at least one reconstructed electron or muon candidate with transverse energy (for e's) or momentum (for µ's) satisfying E T >20 GeV or p T >20 GeV/c, respectively; this ensures we are on the trigger efficiency plateau. Data used in this study correspond to an integrated luminosity of 5.6 fb −1 . Hadronically decaying τ leptons are identified as narrow calorimeter clusters associated with one or three charged tracks. We refer to publication [13] for details of τ identification; the selection requirements in this study differ as follows. We apply track isolation (I ∆R trk ) defined as a scalar sum of the transverse momenta of all tracks in a certain range of ∆R = ∆φ 2 + ∆η 2 around the highest p T (seed) track of the τ candidate. The seed track is required to have p T >10 GeV/c and I For electron identification we apply the same selection criteria as in Ref. [13] with the following exceptions. We do not apply calorimeter isolation and require the electron to have I ∆R<0.52 trk <1 GeV/c if the hadronic τ in the event has one track or I ∆R<0.7 trk =0 GeV/c if the hadronic τ has three tracks. In addition, we require hits in the silicon vertex detector associated with the electron track in the case of 3-prong τ decays. For events with 1-prong τ decays, the energy of the calorimeter cluster associated with the electron should be consistent with track momentum such that E EM /p trk <1.1. Muon identification follows the procedure described in Ref. [12] . We apply the track isolation, I
∆R<0.52 trk <1 GeV/c, to all muons regardless the hadronic τ decay mode.
Additional selection criteria are applied on event kinematics to suppress backgrounds with fake electron, muon or τ candidates. The lepton (electron or muon) and hadronic τ are required to have opposite charges to reduce the QCD multi-jet backgrounds. We remove events where the electron candidate is identified as a conversion. We also reject events consistent with those coming from cosmic muons. To suppress W + jets background, we require the lepton (e or µ) and hadronic τ to be back-to-back in the x − y plane: ∆φ(µ/e−trk, τ −trk)>2.9 radians. In addition we reject events which have at least one jet with E T >10 GeV and |η|<3.6. Jets are reconstructed in the calorimeter using the JETCLU cone algorithm [14] with a cone radius of 0.4 in the (η,φ) space. To reduce Z/γ * →ee/µµ background, we only select events with electron transverse energy 20 GeV<E e T <40 GeV or muon transverse momentum 20 GeV/c<p µ T <40 GeV/c. Limiting the maximum value of the lepton transverse energy or momentum also helps to reduce acceptance of potential H→τ τ signal. We further suppress Z/γ * →ee/µµ background by looking at the invariant mass of every pair of tracks and every pair of clusters in the electromagnetic calorimeter. We reject an event if at least one pair has invariant mass consistent with the mass of a Z boson: i.e., it is the range 66 GeV/c 2 <M<111 GeV/c 2 in the case of tracks and 76 GeV/c 2 <M<106 GeV/c 2 in the case of calorimeter clusters. Figure 8 shows kinematic distributions for the selected Z/γ * →τ τ candidate events demonstrating the high purity of the sample. The MC predictions for signal and background events are normalized based on the product of integrated luminosity and corresponding production cross sections.
Mass Reconstruction using the MMC Technique
The τ τ invariant mass in data and MC events with full detector simulation is reconstructed with the MMC algorithm described in Sec. 3.3. Although Z/γ * →τ τ events in our data sample have no jets, a pair of τ leptons may be accompanied by one or more jets when different event selection requirements are applied. Therefore, we describe the E / T resolution parametrization for events with N jet =0 and N jet >0. For this purpose, we only count jets with E T >15 GeV and |η|<3.6.
For N jet =0 events, we perform scans for the x-and y-components of E / T . The corresponding resolutions of each E / T component are parametrized by Gaussian distributions (Eq. 6) with width σ U E , which is a function of unclustered energy 3 in the event:
We use the same values of p 0 and p 1 as reported in the CDF publication [8] .
In events with N jet >0, we consider the E / T resolution in the directions parallel (σ ) and perpendicular (σ ⊥ ) to the direction of a leading jet in the event. We take σ ⊥ =σ U E and σ = σ use a simplified version (assuming Gaussian jet energy resolution) of the parametrization reported in Ref. [8] . If there is more than one jet in the event, we project σ jet for each additional jet onto axes parallel and perpendicular to the leading jet direction. These projections are then added in quadrature to σ and σ ⊥ , respectively. Finally, we perform scans for E / T components parallel and perpendicular to the leading jet direction. Figure 9 shows the τ τ invariant mass distribution obtained with the MMC and collinear approximation methods for our data sample of Z/γ * →τ τ events. The left plot shows τ τ mass calculated with the MMC technique and compares data with the sum of background and signal predictions. The first bin of the distribution contains events where no solution for M τ τ was found. We note that events unreconstructed by the MMC method are predominantly from background processes. 17
Reconstructed Mass Spectrum in Data
Excellent performance of the MMC technique and its advantage over the collinear approximation in terms of resolution and reconstruction efficiency is clearly demonstrated by differences in shape and normalization of the M τ τ distributions in the right plot of Fig. 9 . To facilitate a comparison, the background predictions are subtracted from the M τ τ distributions in data. Events with the reconstructed mass M τ τ >160 GeV/c 2 are outside the histogram range and are shown in the overflow bin. The fraction of such events is negligible (∼0.3%) for the MMC method, while it is ∼18% fot the collinear approximation. Shapes of the distributions agree well between data and simulation, therefore we use simulated Z/γ * →τ τ events to estimate the resolution and efficiency achieved by the MMC technique. We follow the definition introduced in Sec. 3 and define resolution as the RMS of the M τ τ /M true τ τ and distribution in the 0.6-1.4 range, where M τ τ is the reconstructed mass and M true τ τ is the generated mass. We find the resolution to be ∼16% and the reconstruction efficiency to be ∼99%, in good agreement with the results obtained using the simplified detector simulation model in Sec. 3.3. In contrast, the reconstruction efficiency of the collinear approximation method is found to be ∼42%. As explained in Sec. 3.3, events where the two τ 's are back-to-back in the x − y plane are particularly challenging for the collinear approximation; however, such events represent a major fraction of the H→τ τ signal. A reliable τ τ mass reconstruction with the collinear approximation is possible only for a small fraction of boosted τ τ events (with smaller angles between the τ 's, ∆φ(τ τ ), and higher values of E / T ). The MMC method does not have such limitations, thus giving a substantial increase in the signal acceptance.
Conclusions
The Missing Mass Calculation method is a novel experimental technique proposed for reconstructing the invariant mass of resonances decaying to a pair of τ leptons. The new method provides a substantially more accurate reconstruction of the mass of the τ τ system compared to commonly used techniques. Its applicability to nearly all possible final state topologies without loss in resolution significantly improves experimental acceptance for future searches for resonances decaying to a pair of τ leptons. The new method eliminates the long tail towards higher masses present in the frequently used collinear approximation technique, thus promising a significant improvement in the sensitivity of H→τ τ searches at the LHC and the Tevatron, where the main challenge is the promotion of Z→τ τ background events into the Higgs boson mass region.
